The separation length of shock wave/boundary layer interaction (SWBLI) was studied by a numerical method, which was validated by experimental results. The computational domain was two-dimensional (2-D). The flow field was an incident oblique shock interacting with a turbulent boundary layer on a flat adiabatic plate. According to the simulation data, the dependency of the separation length on the relevant flow parameters, such as the incident shock strength, Reynolds number, and Mach number, was analyzed in the range of 2 ≤ M ≤ 7. Based on the relations with the flow parameters, two models of the separation length at low and high Mach numbers were proposed, respectively, which can be used to predict the extent of the separation in the SWBLI.
Introduction
The prediction of the SWBLI is a formidable challenge for the supersonic and hypersonic aircraft engineer [1] . The SWBLI can be found in transonic/supersonic airfoil flows, the inflow and outflow of the supersonic or hypersonic cruising aircrafts, atmosphere reentry vehicles, and gas turbines. The SWBLI is an extremely complicated flow which involves the viscous-inviscid interaction and has been studied for many years. Reviews of experimental and theoretical investigations can be found in Green [2] , Delery [3] , and Zheltovodov [4] .
The supersonic boundary layer separation is a "free interaction" process between the boundary layer and the outer supersonic flow. The flow properties in the vicinity of the separation point are independent of the downstream flow conditions. Stewartson [5] , who exhibited a triple deck structure in the interaction zone, studied the SWBLI at the high Reynolds number using "asymptotic analysis." Brown and Williams [6] and Rizzetta et al. [7] made more researches based on the triple-deck analysis. Figure 1 shows the schematic description of the incident shock-induced boundary layer separation. The incident shock forms sharp adverse pressure gradients in the boundary layer, which causes the separation of the boundary layer. The separation starts at the S point. The separation bubble induces a separation shock. Due to the constant pressure in the separation bubble, the incident shock reflects on the bubble and forms expansion waves. The shear layer reattaches at the R point where the separation bubble ends. The shear layer turns towards the wall which generates compression waves. The compression waves merge into reattachment shock in the mainstream. The distance from the separation point to the reattachment point is defined as the separation length, l s .
Neiland [8] proposed that the "asymptotic structure" of the circumfluence is in the separated boundary layer. Based on this, Stewartson and Williams [9] studied the large-scale separation of the laminar boundary layer induced by strong shock wave. Results showed that the separation length can be predicted by
where
is the Chapman-Rubesin constant. The model shows that the separation length increases with the 3/2 th power of the pressure gradient. However, Katzer [10] showed that the separation length increases linearly with the pressure gradient based on numerical data. The model yields
Davis and Sturtevant [11] studied the separation length of the laminar boundary layer in high enthalpy compression corner flow. The real-gas effects were investigated as well.
Most studies on separation length were focused on the laminar separation. The turbulent separation is much more complex. Settles et al. [12] studied the turbulent separation length of compression corner flow at Mach 3. They proposed an empirical model. It was found that the separation length increases with the Reynolds number at low Reynolds number flow (Re δ < 10 5 ), but conversely at high Reynolds number flow (Re δ > 10 5 ). Zheltovodov et al. [13] investigated the SWBLI in the 2-D compression corner flow experimentally and established the relationship between the separation length and Reynolds number.
The unsteadiness of the SWBLI has been investigated widely recently. Dolling and Murphy [14] proposed that the low-frequency oscillation of the SWBLI is the result of the internal dynamics of the separation bubble. Erengil and Dolling [15] studied the unsteadiness of the corner separation experimentally at Mach 5 and showed that the characteristic frequency range of the separation shock increases as the size of the separation bubble reduces. Dupont et al. [16] , Piponniau et al. [17] , and Souverein et al. [18] found that when separation occurs most of the time, the separation bubble pulsation will become predominant and involve very low frequencies. Pirozzoli and Grasso [19] proposed that the large-scale unsteadiness is associated with an acoustic feedback mechanism in the separation bubble. The above researches have shown that the unsteadiness of the SWBLI is greatly related to the size of the separation bubble.
In this paper, we analyze the separation length in 2-D incident shock-induced turbulent boundary layer separation in a wide range of Mach numbers (2 ≤ M 1 ≤ 7). The boundary layer is generated by a flat plate. The relation between the separation length and the relevant flow parameters such as the incident shock strength, Mach number, and Reynolds number is analyzed with experimental and numerical methods. Two mathematical models are proposed to predict the separation length at low and high Mach numbers. Continuity equation :
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International Journal of Aerospace Engineering where E and T are the mass-averaged values and τ ij is the stress tensor and is defined as follows:
The term δ ij is the viscous heating caused by the dissipation. The state equation of perfect gas is applied to closure the equations.
The Spalart-Allmaras turbulence model [20] , which is reported suitable for the hypersonic flow simulation, was used in the present work. The second-order spatially accurate upwind scheme (SOU) and the advection upstream splitting method (AUSM) flux vector splitting were employed to accelerate convergence. The air was assumed to be a perfect gas, of which the specific heat ratio was 1.4. The viscosity of the gas was calculated according to Sutherland's law.
The computational domain and the boundary conditions are shown in Figure 2 . The length in the x-direction was 620 mm, and the height in the y-direction was 100 mm, which was partitioned into a 310 ðlengthÞ × 200 ðheightÞ structured mesh. The inflow condition was set to be freestream condition. The incident shock was usually generated by a compression wedge. However, there will be expansion waves at the end of the compression wedge. In order to generate the incident shock and avoid the expansion waves at the same time, the upper boundary of the computational domain was divided into two parts (before and after the incident shock). The flow before the incident shock was set to be freestream condition, and the flow after the incident shock was specified according to the Rankine-Hugoniot relations across the shock. The outflow was extrapolated. The adiabatic and no-slip wall conditions are applied on the wall.
Validation for Grid and Boundary Layer Simulation.
The influence of the grid distribution on the simulation of boundary layer is analyzed. Three cases with coarse, medium, and fine near wall grid are simulated, and the resultant velocity profiles are compared with Spalding's law of wall in Figure 3 . The simulation is carried out according to the physical parameters of the wind tunnel. The Mach number of the incoming flow is 2.92. The inflow static temperature and pressure are 300 K and 1 atm, respectively. The unit Reynolds number is Re = 8:01 × 10 6 m -1 . The Spalart-Allmaras turbulence model is used. The wall is adiabatic and with no slip. The boundary layer velocity thickness δ 0:99 where the profile is extracted is 8 mm. Compressible Spalding's law of the wall [21] is transformed by van Driest transformation [22] . The simulated boundary layer profile of case 3 with y + = 0:4 corresponds well with Spalding's law of wall. The near-wall grid of all the simulated cases in the paper is the same as that of case 3. 3 International Journal of Aerospace Engineering Figure 4 shows the experiment model in the test section of the wind tunnel. A flat plate is fixed on the lower wall, which is parallel with the inflow. The compression wedge, which generates the incident oblique shock, is fixed on the upper wall of the test section. In this validation, the deflection angle is 15 deg. To generate a turbulent boundary layer with different thicknesses at the incident point, two types of the flat plates are used in this validation. The first one is shown in Figure 4 . The horizontal distance from the leading edge to the shock generator of the plate is 80 mm and 430 mm of the other plate. The inviscid incident point of the oblique shock on the flat plate is 270 mm apart from the leading edge of the shock generator. The velocity thicknesses of boundary layers are 4 mm and 8 mm at the incident point, respectively. Both flat plates are in the effective zone of the nozzle. The width of the flat plate and the shock generator is 196 mm, with a 2 mm distance to the sidewalls of the test section on each side. The static pressure along the center line of the flat plate is measured with PSI-9116 pressure scanners. Figure 5 shows the comparison of the numerical and experimental static pressure of the shock induced turbu-lent boundary layer separation flow. The numerical simulation results agree well with the experimental data in all the test cases. The discrepancy may be attributed to the limitation of the RANS simulation of the reattachment flow [26, 27] . The discrepancy has little influence on the prediction of the separation length.
Shown in Table 1 is the comparison of the numerical and experimental separation length. Although the prediction of the skin friction coefficient is dissatisfactory for reattachment, the prediction of separation length is rather good. The discrepancy could be defined as
Results and Analysis
According to previous studies, the separation length depends on the relevant flow parameters such as the shock strength, Mach number, and Reynolds number. In all the simulations, the adiabatic wall is assumed. The linear fitting method is used to analyze the relevancies. The International Journal of Aerospace Engineering coefficient of determination R 2 , which is defined as follows, is used to evaluate the goodness of fitting:
where y is the average of the data andŷ i is the fitted value.
3.1. Influence of Shock Strength. Traditionally, the pressure ratio p 3 /p l across the incident and reflected shock is usually used to measure the shock strength in the flow of shock induced separation, such as in the study of Katzer [10] . However, the pressure ratio p 3 /p l increases greatly with the Mach number. For a wide range of Mach numbers from 2 to 7 studied herein, the separation length is more dependent on the flow deflection angle of the incident shock compared to the pressure ratio. Therefore, the flow deflection angle is used to measure the shock strength as in the study of corner separation [12, 28] . The separation length is dependent on the boundary layer and usually scaled by the local boundary layer thickness [10] [11] [12] [13] . In the paper, the separation length l S is scaled with the thickness of the boundary layer at the ini-tial point of the interaction, which is denoted by δ 0 . Figure 7 shows the relationship of the flow deflection angle with the separation length. The y-axis is the 1/4 th power of the scaled separation length. The symbols of each simulated cases with different Mach numbers and Reynolds numbers located on a straight line.
It can also be seen in Figure 7 that the fitted lines intersect with the x-axis at θ ini . It is defined as the initial flow deflection angle. The θ ini is the flow deflection angle that corresponds to l S = 0. However, l S could not be zero because the separation occurs at much higher θ. The θ ini is not a physical angle; nevertheless, it is useful for the illustration of the relationship between flow deflection angles and separation length. Based on the numerical results, the relationship between the flow deflection angle and the separation length yields
3.2. Influence of Reynolds Number. The SWBLI is greatly influenced by the Reynolds number. Katzer [10] found that the separation length increases with the Reynolds number and proved that l S ∝ ffiffiffiffiffiffiffiffi ffi Re x 0 p for a laminar boundary layer at the low Reynolds number.
The separation length is scaled with the Reynolds number. The correlation of the flow deflection angle with the separation length scaled by the Reynolds number is plotted in Figure 8 . Note that the y-axis is the 1/4 th power of the scaled separation length. The figure shows that the slope of the lines is consistent at the same Mach number, which is independent of the Reynolds number. It can also be seen that the fit lines shift with the Reynolds number, 5 International Journal of Aerospace Engineering which means that the initial flow deflection angle depends on the Reynolds number. From Figure 8 ,
3.3. Influence of Mach Number. The above analysis has shown that the separation length is highly dependent on the Mach number. The flow fields of shock-induced turbulent boundary layer separation from 2 to 7 are simulated.
The flow deflection angles of the incident shock are 12 deg, 14 deg, and 16 deg, respectively, corresponding to weak, medium, and intensive boundary layer separations. Figure 9 shows 
Note that the Mach number scaling at the low Mach number (2 ≤ M 1 ≤ 4) is consistent with the results of Katzer [10] , which means that the relations of the Mach number with the boundary layer separation length are identical in the laminar and turbulent regimes at the low Mach number.
Models of the Separation Length
According to the previous analyses, the models describing the separation length can be proposed. Because the Mach number scaling is different at low and high Mach numbers, two models describing the separation length are both necessary. The similarity law of the separation length at the low Mach number (2 ≤ M 1 ≤ 4) is defined as
And at the high Mach number (4 < M 1 ≤ 7), It should be noted that the unit of the flow deflection angle in the models (equation (16) to equation (19)) is radian.
The previous analysis has shown that the initial flow deflection angle depends on the Reynolds number, as seen in Figure 8 . In order to investigate the correlation of the initial flow deflection angle with the Reynolds number quantitatively, the flow fields of shock-induced turbulent boundary layer separation with different Reynolds numbers at M 1 = 3:0 are simulated. Figure 10(b) shows the initial flow deflection angle plotted with the Reynolds number. Note that the abscissa is the logarithm of the Reynolds number. The initial flow deflection angle increases linearly with the logarithm of the Reynolds number in the studied range. Based on the numerical data, the correlation of the initial flow deflection angle with the Reynolds number at the low Mach number yields
4.2. High Mach Number Model. At the high Mach number, the boundary layers separate weakly or even do not separate if the flow deflection angle is smaller than 10 deg, so the flow deflection angles of all the simulated cases are above 10 deg. Figure 11(a) shows the similarity law of the separation length at the high Mach number, L H , plotted with the flow deflection angle. The Reynolds number of all the cases is Re x 0 = 1:2 × 10 7 . It can be seen from the figure that the 1/4 th power of the similarity law of separation length at the high Mach number also increases linearly with the flow deflection angle of the incident shock. The initial flow deflection angle still can be independent of the Mach number at the high Mach number. Through the fitting method, the model of the separation length at the high Mach number (4 < M 1 ≤ 7) is proposed as follows:
The influence of the Reynolds number on the initial flow deflection angle is also studied at M 1 = 4:5, as shown in Figure 11(b) . The variation is similar to the low Mach number flows with different coefficients:
Conclusions
The flow of the incident shock-induced turbulent boundary layer separation on a flat adiabatic plate has been studied by experimental and numerical simulations. The compressible Reynolds-averaged Navier-Stokes equations were solved in the numerical simulation which was verified by the experiments. The study focused on the separation length of the SWBLI in a wide range of Mach numbers (2 ≤ M 1 ≤ 7). The dependency of the separation length on the related flow parameters was analyzed. Based on the relations of the 
